Natural and cross-linked chitosan spheres were used as adsorbents for oil diesel removal. Natural chitosan was cross-linked with glutaraldehyde and epichlorohydrin. The chitosan spheres were soaked in diesel oil at different concentrations using a batch adsorption system. These experiments were carried out to measure the adsorption capacity of the spheres and the percentage of oil removed from the synthetic solutions. The equilibrium data were well described by the Langmuir and Langmuir-Freundlich models, which indicates that after the chemical modification, the maximum adsorption capacity increased significantly. This increase in adsorption capacity could be explained by modifications of surface characteristics (porosity and roughness) or the formation of new bonds after the cross-linking reactions. Our study results show that bioadsorbents based on chitosan is a promising material for diesel oil removal from organic solutions, and thus can be useful in bioremediation.
INTRODUCTION
Human activities such as agriculture and various industrial process generate a huge amount of inorganic and organic wastes annually, which are, in most cases, discharged into the ecosystem. Consequently, there is a significant increase in the volume of contaminated water (water pollution), which possesses a significant threat to both humans and other living organisms. This problem is compounded by the fact that oil refineries discharge their by-products into the natural environment (e.g. water bodies or landfills), causing it to degrade substantially. Thus, contamination of water bodies by oil and related compounds is a serious ecological problem the world is facing at present (Sokker et al. 2011) . Approximately 6.0 × 10 6 l/day of biodiesel is produced globally, which generates about 1.2 × 10 6 l/day of biodiesel-contaminated wastewater. This wastewater has a high pH, because of the presence of significant levels of residual alkaline catalyst, and is composed of hexane-extracted oil and solid matter, both of which are present in high proportions. These pollutants inhibit the growth of most microorganisms in the discharged waters, thereby making the natural biodegradation process difficult (Pitakpoolsil and Hunsom 2014) . Therefore, there is a need to treat these wastewaters by synthetic methods involving biological, chemical and physical processes.
Adsorption is one of the methods that could be useful in this regard; however, the efficiency of adsorption is affected by the nature and type of adsorbent, and both organic and inorganic materials could be used as adsorbents for oil removal and other pollutants (Barros et al. 2014) .
Previous studies have focused on using activated carbon (Foo and Hameed 2012), resin (Kouzu and Hidaka 2013), zeolites Xue et al. 2006) , silica (Nanoti et al. 2009; Suchithra et al. 2012) , clays (Ahmad et al. 2014; Falciglia et al. 2011; Gao et al. 2000 ), peat (Cojocaru et al. 2011 Lee et al. 2010; Suni et al. 2004), bacterial biomass (Liu and Liu 2011; Mukherji and Chavan 2012; Taccari et al. 2012 ) and polysaccharides and chitosan (Das and Das 2014; Leduc et al. 2014; Ma et al. 2014; Peiselt da Silva and Pais da Silva 2004; Pitakpoolsil and Hunsom 2014) for this purpose.
Recently, Franco et al. (2014) performed a study on the adsorption of oil onto nanoparticles of hydrophobic silica and silica nanoparticles functionalized with a petroleum vacuum residue, with the aim of reducing the amount of oil in oil-brine and oil-water emulsions at different pH values (5.7 and 9). The authors achieved 100% oil removal from oil-saltwater emulsions using nanoparticles of hydrophobic silica and silica nanoparticles functionalized with the residue.
Chitosan is a biodegradable, hydrophilic, non-toxic and biocompatible polysaccharide. This polysaccharide has attracted significant interest owing to its low cost and functional versatility. Additionally, it is an abundantly available low-cost bio-polymer for removal pollutants, which can be obtained from natural resources (Vakili et al. 2014) . Compared with other commercial adsorbents, it has received significant attention due to its specific properties such as cationicity, high adsorption capacity, macromolecular structure, abundance and low cost (Muzzarelli et al. 2012) .
Chemical modification of chitosan by cross-linking the polymer chains helps to prevent swelling and improve its mechanical resistance, and to increase its chemical stability in acidic and basic solutions. All these features contribute to its high adsorption efficiency (Muzzarelli et al. 2012) .
Cross-linking chitosan with glutaraldehyde (GLA) and epichlorohydrin (ECH) is a typical example of chemical-mediated structural modification. This reaction is performed to prevent the dissolution of the cross-linked material in acidic solutions or to improve its adsorption properties (i.e. to increase adsorption capacity or adsorption selectivity). GLA cross-linking occurs through Schiff's base reaction between the aldehyde ends of the cross-linking agent and the amine moieties of chitosan to form imine functional groups (Baroni et al. 2008) . By contrast, the ECH cross-linking reaction mainly takes place between the -OH group of chitosan and the chemical cross-linking agent (Chiou and Li 2003) . An advantage of ECH cross-linking is that the cationic amine functional group of chitosan, which is the major adsorption site attracting the anions during adsorption, is not eliminated.
In this work, we aimed to evaluate the viability of the GLA-and ECH-cross-linked chitosan spheres as an adsorbent for diesel oil removal using a batch adsorption system. The equilibrium adsorption properties were obtained and the experimental data were described by thermodynamical models. The cross-linking reactions were characterized by Fourier infrared spectroscopy (FTIR) and scanning electron microscopy (SEM).
MATERIALS AND METHODS 2.1. Materials
Chitosan (with a deacetylation degree of 85%, obtained by potentiometric titration) was obtained from Polymar (Brazil). An aqueous solution of GLA (25%, v/v) was obtained from Sigma-Aldrich. ECH was provided by Merck. Acetic anhydride and sodium hydroxide (Vetec, Brazil) were purchased from Vetec and Synth (Brazil), respectively.
Characterization of Chitosan Spheres
The raw and GLA-and ECH-cross-linked chitosan spheres were characterized by FTIR and SEM. The FTIR study was carried out using an FTIR 8400S Shimadzu spectrometer equipped with a standard mid-IR DTGS detector. A standard KBr technique was used for preparing the samples. The FTIR spectra were recorded in the range of 400-4000 cm -1 using the KBr pellets technique.
The SEM images of the samples were obtained using a scanning electron microscope (20 kV) under a vacuum of 1.33 × 10 -6 mBar (JXA-840A, JEOL, Japan). Before performing the analysis, the samples were coated with a thin layer of gold (10 nm) using a sputter coater (SCD 050; Bal-Tec, Liechtenstein).
. Production of Chitosan Spheres
32 g of chitosan was dissolved in 760 ml of Milli-Q water, and the solution formed was stirred for approximately 1 hour on a mechanical shaker. To this solution, 40 ml of acetic acid (CH 3 COOH) was added to form a solution gel [5% (v/v) acetic acid and chitosan]. To achieve complete solubilization, the solution was stirred for approximately 5 hours. Using a syringe, the gelatinous chitosan solution was gradually added 1:l of sodium hydroxide (2.0 mol/l) to form chitosan spheres. The spheres were allowed to remain in the alkaline solution for 48 hours, after which they were washed with distilled water until the pH becomes neutral. The spheres were then heated in an oven for 3 hours at 80 °C.
Cross-Linking of Chitosan with Glutaraldehyde
Microspheres were heterogeneously cross-linked in (25%, w/w) aqueous GLA solution (3 g of chitosan spheres in 50 ml of GLA solution), without agitation, at room temperature for 24 hours. The particles were then rinsed with deionized water to remove the unreacted GLA residues.
Cross-Linking of Chitosan with Epichlorohydrin
The adsorbent was synthesized by soaking 0.3 g of chitosan in 50 ml of ECH solution (1% v/v). The mixture was stirred for 4 hours at 40 °C. The spheres thus formed were then rinsed with deionized water so as to remove the unreacted ECH residues. The spheres were then washed with distilled water until the pH becomes neutral.
Batch Adsorption Experiments
Batch adsorption experiments were carried out by soaking chitosan spheres (both raw and crosslinked) in the diesel oil solution. The mixture was stirred at a constant speed of 20 rpm. About 3 ml of a diesel oil solution in hexane was added to 0.3 g of the adsorbent in tubes. Each tube containing solutions of different diesel oil concentrations (200-900 mg/l) were stirred in a rotary system (Tecnal TE-165, Brazil) at 30 rpm for 4 hours. Once the adsorption equilibrium was achieved, aliquots of each sample were withdrawn and quantified by measuring the oil absorbance at 274 nm using a spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).
The amount of diesel oil adsorbed on chitosan spheres was quantified by a mass balance using Equation (1). The percentages of oil removal in solutions were calculated according to equation (2).
(1)
( 2) where q* is the amount adsorbed by 1 gram of adsorbent (mg/g); C eq is the diesel oil concentration in the liquid phase (mg/l) in equilibrium; C 0 is the diesel oil initial concentration in the liquid phase (mg/l) before contact with the adsorbent; m ads is the mass of adsorbent (g) and V sol is the volume of the solution (l) available for contact with the adsorbent.
The Langmuir and Langmuir-Freundlich models, described by Equations (3) and (4), respectively, were used to fit the experimental data using Origin software (MicroCal, Northampton, MA, USA).
(3)
where q* is the amount adsorbed by a gram of adsorbent (mg/g); K L is the Langmuir constant (l/mg); q m (mg/g) is the maximum adsorption capacity; C eq (mg/ml) is the concentration of protein in solution at equilibrium; K LF is the affinity constant for adsorption (L/mg), which indicates the affinity between protein and adsorbent; and n is the index of heterogeneity for the Langmuir-Freundlich model. Figure 1 shows the absorption spectra for natural and GLA-and ECH-cross-linked chitosan spheres. The bands near 3400 cm -1 were observed for all samples. These bands correspond to hydroxyl stretching vibration. For GLA-cross-linked chitosan spheres, a small band was observed at 2887 cm -1 , which can be attributed to the -CH 2 stretching mode; additionally, a band at 1664 cm -1 was observed, which can be attributed to axial strain of the C=O group (amide) in the remaining acetyl groups or to the imine bond (C=N). The C=N bond is formed during the process of cross-linking with GLA. When chitosan is cross-linked with GLA, the intensity of the band at 950-1100 cm -1 , attributed to aliphatic amine, was decreased and dislocated, which indicated the blocking of these groups by GLA.
RESULTS AND DISCUSSION

Structural and Morphological Chitosan Properties
FTIR Spectroscopy
The appearance of a peak at 1720 cm -1 can be related to the presence of free aldehyde bond (unreacted aldehyde groups). The angular deformation of amino groups is observed at 1592 cm -1 , and another peak at 1562 cm -1 is related to the presence of ethylenic bond (C=C). The axial deformation of amide group (C-N) is identified at 1415 cm -1 . There is a symmetrical angular deformation (-CH 3 ) at 1378 cm -1 , and axial deformation of the -CN groups in amino moieties appears around 1070 cm -1 . The similarity between ECH-crosslinked chitosan spheres and GLA-cross-linked chitosan spheres spectra indicate the presence of amino and hydroxyl groups. It has to be noted that not all amino and hydroxyl groups reacted with ECH and GLA.
The linear polymer chains reacted with the cross-linking agents, under alkaline conditions, forming a new three-dimensional network. ECH is a bifunctional molecule, which is highly reactive with hydroxyl groups while not modifying the amino groups of chitosan. The reaction of chitosan with GLA mainly occurs between the aldehyde groups of GLA and the amino groups of chitosan to form an imine bond. In addition, the interaction between the hydroxyl groups of GLA and the amino groups of ECH should also be considered.
Scanning Electron Microscopy
The morphologic characteristics of natural and GLA-and ECH-cross-linked chitosan spheres were observed using a scanning electron microscope (Figure 2) . Dense and irregular structure is noted for all samples with porous structures noted on the modified spheres. Figure 2 (f) shows that after cross-linking, the surface of the material becomes rough and increasingly fragile with different points of fracture. The fracture originates from the cross-linking between GLA and ECH. A similar behaviour was observed also by Vieira and Beppu (2006) . Figure 3 shows the adsorption isotherm obtained from diesel oil solution in hexane as solvent. The theoretical profile corresponds to the fitting (nonlinear regression) of experimental data using the Langmuir and Langmuir-Freundlich models. The parameters estimated from the equations (3) and (4) are summarized in Table 1 .
Experimental Adsorption
The equilibrium isotherms presented a favourable behaviour, because there is an initial concave region in the direction of the equilibrium concentration, which tends towards a saturated adsorbent 
)
C eq (mg.L −1 ) condition. Small variations in the fluid-phase concentration could cause abrupt changes in the concentration at the adsorbed phase. From Figure 3 it can be seen that the adsorption of oil increases with increasing initial oil concentrations up to a certain value and then tends to reach equilibrium. Data in Table 1 show that the maximum amount of oil was adsorbed on chitosan cross-linked with GLA (1.82 mg/g) followed by chitosan cross-linked with ECH (1.642 mg/g) and natural chitosan (1.065 mg/g). The highest adsorbed amount on GLA-cross-linked chitosan can be explained by the modification of surface characteristics (porosity, roughness, etc.) of the material after the cross-linking process. Besides, the imino bond formed during the cross-linking reaction with GLA can also be susceptible to diesel oil adsorption. The magnitude of the parameter 'k' indicates the favourability of adsorption for the prepared chitosan. The correlation coefficient (R 2 ) was calculated to be higher than 0.97 for the chitosan samples.
Limited data are available in the literature concerning the adsorption of diesel oil owing to the complexity involved in studying this process. However, the data obtained were similar to found in the literaure and comparable with other materials. Sokker et al. (2011) reported that the hydrogel prepared using acrylamide had a crude oil removal efficiency of up to 2.3 g/g. Li et al. (2013) reported a maximum adsorption capacity of 0.39-0.61 g/g for ionic liquid-treated shell residues. Barros et al. (2014) reported adsorption capacities (gram oil per gram of adsorbent) and removal (%) for chitosan flakes, chitosan powders and chitosan solution as follows: 0.379 g/g and 72.75%; 0.281 g/g and 81.27%; and 0.013 g/g and 60.52%, respectively. Figure 4 shows the percentage removal of diesel oil for an initial concentration (200-900 mg/l) after adsorption onto 0.03 g of the natural and modified chitosan spheres. The results showed that the percentage removal were low on natural and ECH-cross-linked chitosan, but slightly higher for GLA-cross-linked chitosan. The molecular mass and charge density could contribute to relative agglomeration of chitosan and oil. The strongest attraction between the oil and GLAcross-linked chitosan depends on the pH of the medium and the opposite charges of aldehyde groups from modified chitosan (Sokker et al. 2011) .
Removal Assessment
Studying the initial concentration is very important because the initial concentration of the oil residue in solute can strongly affect the adsorption kinetics, and more specifically the mechanism that controls the overall kinetic coefficient. The capacity for oil removal decreases with the increase in the oil concentration in the solution due to progressive saturation, due to the gradient between the solution sample and the centre of particle. Eventually, over time, the adsorbed oil residue starts to clog the pores on the outer surface of the material, and thus, the oil residue can no longer be diffused (Sokker et al. 2011) .
CONCLUSIONS
Results of FTIR analysis indicated that the cross-linking reaction between chitosan and GLA/ECH preferentially occurs at the amino and hydroxyl groups, respectively. The chitosan spheres crosslinked with GLA and ECH showed an irregular and more fragile structure, with increase in surface roughness. The chitosan cross-linked with GLA showed better results in oil removal, compared with chitosan cross-linked with ECH and natural chitosan. The equilibrium experimental results were well described by the Langmuir model. A decrease in the Langmuir adsorption constant was observed after cross-linking, which can be explained by the high affinity of the cross-linked spheres for diesel oil. Our study results show the viability of using chitosan for removal of diesel oil from organic solution.
